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CFD Modeling and X-Ray Imaging
of Biomass in a Fluidized Bed
Computational modeling of fluidized beds can be used to predict the operation of biomass
gasifiers after extensive validation with experimental data. The present work focused on
validating computational simulations of a fluidized bed using a multifluid Eulerian–
Eulerian model to represent the gas and solid phases as interpenetrating continua. Simu-
lations of a cold-flow glass bead fluidized bed, using two different drag models, were
compared with experimental results for model validation. The validated numerical model
was then used to complete a parametric study for the coefficient of restitution and particle
sphericity, which are unknown properties of biomass. Biomass is not well characterized,
and so this study attempts to demonstrate how particle properties affect the hydrodynam-
ics of a fluidized bed. Hydrodynamic results from the simulations were compared with
X-ray flow visualization computed tomography studies of a similar bed. It was found that
the Gidaspow (blending) model can accurately predict the hydrodynamics of a biomass
fluidized bed. The coefficient of restitution of biomass did not affect the hydrodynamics of
the bed for the conditions of this study; however, the bed hydrodynamics were more
sensitive to particle sphericity variation. DOI: 10.1115/1.4000257
1 Introduction
Biomass hydrodynamics in a fluidized bed are extremely im-
portant to industries that are using biomass material in the gasifi-
cation processes to yield high quality producer gas. Producer gas
can be considered as a biorenewable alternative energy resource
that can potentially replace natural gas and provide low cost
power production and process heating needs. Since biomass par-
ticles are typically difficult to fluidize due to their peculiar shape,
a second inert material, such as sand, alumina, or calcite, is typi-
cally added to the bed 1. However, the large differences in size
and density between the biomass and inert particles lead to non-
uniform distribution of the biomass within the fluidized bed, and
particle interactions and mixing become major issues.
Given the nature of biomass particles shape, moisture content,
and pliability, their fluidization characteristics are of critical im-
portance because of known problems such as particle agglomera-
tion, defluidization, elutriation, and segregation 2–7. Ideally, ex-
periments can provide information on the fluidization
characteristics of biomass, but the opacity of the bed material
impedes visualization techniques. Since fluidization is a dynamic
process, invasive monitoring methods can influence the internal
flow, thereby reducing the reliability of the measurements 8. As
stated by Heindel et al. 9, noninvasive monitoring techniques for
multiphase flows include electrical capacitance tomography, ultra-
sonic computed tomography, gamma densitometry tomography,
X-ray fluoroscopy radiography/stereography, and X-ray com-
puted tomography. Franka et al. 10 used X-ray computed tomog-
raphy CT and radiography to analyze differences in materials for
fluidized beds operating under three gas flow rates. The CT im-
ages showed that glass beads fluidized much more uniformly
compared with melamine, walnut, and corncob beds, and that wal-
nut shell fluidized more uniformly as the gas flow rate increased.
Most of the research on biomass gasification modeling has fo-
cused on the combustion process, predicting the composition of
the resulting gas and studying effects, such as temperature, com-
position, and moisture content of the biomass, for the combustion
efficiency of the reactor. Some other aspects of biomass fluidiza-
tion, such as terminal settling velocities, minimum fluidization
and fluidizability, and residence time of biomass particles, have
been studied, and a summary can be found in Ref. 1. To date,
there is little published information on fluidized bed hydrodynam-
ics when biomass is injected into a reactor. Zhang and Brandani
11 proposed a modified particle bed model in bubbling fluidized
beds; their computational fluid dynamics CFD simulations for a
circulating fluidized bed showed that pressure fluctuations and
bubble size and number increased with the inlet gas velocity.
Several drag models have been reported in the literature to ac-
count for the gas-solid hydrodynamics of fluidized beds.
Taghipour et al. 12 compared the Syamlal–O’Brien, Gidaspow,
and Wen–Yu models with experimental data and found that for
relatively large Geldart B particles, the models predicted the hy-
drodynamics of the bed reasonably well. Du et al. 13 studied
five drag models in a spouted fluidized bed and found that for
dense phase simulations, the models produced noticeable differ-
ences. Among the five drag models 13 tested, namely, the
Richardson–Zaky, Arastoopour, Gidaspow blending, Di Felice,
and Syamlal–O’Brien, the Arastoopour and Syamlal–O’Brien
models gave good predictions of the flow, but the Gidaspow drag
model gave the best agreement with the experimental data. An-
other extensive model comparison in fluidized beds was made by
Mahinpey et al. 14 for bed expansion and pressure drop with
different inlet gas velocities in a fluidized bed using the Di Felice,
Gibilaro, Koch, Syamlal–O’Brien, Arastoopur, Syamlal–O’Brien
adjusted, Di Felice adjusted, Gidaspow, Zhang–Reese, and
Wen–Yu drag models. All of the models gave acceptable qualita-
tive agreement with experimental data; however, results for the
adjusted models of Syamlal–O’Brien and Di Felice showed an
improvement in quantitative predictions of the bed hydrodynam-
ics.
Finding an appropriate drag model for biomass fluidized beds is
of particular interest to the research herein. The underlying issue
is that the drag models cited previously, which gave better predic-
tions, require information about the bed hydrodynamics that is not
always known for biomass particles or can be easily measured
experimentally. For example, the adjusted models of Di Felice or
Syamlal–O’Brien require minimum fluidization velocity to tune
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the drag correlations. In addition, the Syamlal–O’Brien model re-
quires void fraction of the packed bed and particle density. Fur-
thermore, the aforementioned drag model studies used glass beads
as the solid particle in the fluidized beds; however, none of the
drag models have been tested to validate the hydrodynamics of a
fluidized bed using biomass particles. Two models, the adjusted
Syamlal–O’Brien model and the Gidaspow model with a blending
function, will be compared in this study to assess the hydrody-
namics of a biomass fluidized bed. Our choice of models to test is
based on results and recommendations of the previous studies
12–14.
Hence, the goal of this research is to computationally model a
cold-flow fluidized bed and to compare and validate the model
with experiments. In practice, biomass is not well characterized,
and so this study is an attempt to demonstrate how particle prop-
erties affect the hydrodynamics of a fluidized bed. The experi-
ments will be accomplished using X-ray computed tomography
and X-ray radiography. Glass beads will be used to model the bed
for purposes of validation between the experiments and computa-
tional models because the material is well characterized. Initial
work is then pursued to study single component biomass gasifica-
tion using ground walnut shell. Both glass beads and ground wal-
nut shell particles correspond to Geldart’s type B classification,
which according to Abdullah et al. 15, satisfactorily fluidize. In
this work, the simulations of the fluidized beds will be employed
using the open source software Multiphase Flow with Interphase
eXchanges MFIX. The simulations will consider factors such as
particle sphericity, coefficient of restitution, and drag model. Re-
sults from the simulations will be compared with the particle dis-
tribution, bed height, and pressure drop obtained from the experi-
ments.
2 Experimental Setup
2.1 Fluidized Bed Reactor. The fluidized bed reactor used in
the experiments consisted of a 9.5 cm internal diameter ID
40 cm tall acrylic tube a, illustrated in Fig. 1a. Air entered the
acrylic plenum chamber b through a 1.0 cm air inlet fitting c
and passed through a pipe d drilled with 16 0.6-cm diameter
holes. This drilled pipe served to gradually expand gas into the
plenum chamber and avoid jetting phenomena. The plenum con-
tained two 1.0 cm pressure taps e used for measuring pressure
drop across the bed. Air left the plenum through a distributor plate
drilled with 100 0.1-cm diameter holes; each hole was spaced
0.4 cm apart on a square grid. To eliminate coarse bed particles
from becoming lodged inside the distributor plate holes, a
45 mesh screen with openings of 0.04 cm was attached to the
plate. The top of the vessel was open to the atmosphere. The bed
chamber included several tapped holes g for pressure measure-
ments; however, these were not employed in the present study.
Inlet air flow rate was controlled by a 0–3300 cm3 /s flow meter
and pressure regulator. The accuracy of the flow meter was 2%
of the full scale reading 67 cm3 /s.
2.2 Material Selection and Minimum Fluidization. The flu-
idization behavior of two materials was investigated in this study.
Glass beads were studied as a benchmark since the fluidization of
glass is well characterized and because glass has similar proper-
ties to inert sand used in gasification. Additionally, modeling glass
bead fluidization is ideal due to its high sphericity, uniform den-
sity, narrow particle size distribution, and resistance to breaking.
Ground walnut shell was studied as an alternative bed material.
Ground walnut shell particles have lower density than glass beads
and aspect ratios near unity. Both materials fell within Geldart’s
type B classification in order to maintain similar fluidization hy-
drodynamics between the beds. Particle diameter ranges for glass
beads and ground walnut shell were 500–600 m and
500–700 m, respectively, and the static bed height was 10 cm
for both materials H /D=1.05.
The minimum fluidization velocity Umf for each bed was ex-
perimentally measured using well-established procedures 16.
Initially, the beds were fluidized with air at a superficial gas ve-
locity Ug=28 cm /s, and pressure was measured using a 0–3.7
kPa pressure gauge connected to a pressure tap in the plenum. Gas
flow was decreased in increments of 1.2 cm/s, and the total pres-
sure across the bed and distributor plate was measured. By mea-
suring pressures as the gas flow decreased, bed packing effects
were removed. This was necessary because packing effects create
a hysteresis loop in the pressure data when the flow rate is in-
creased. The procedure was repeated for an empty reactor in order
to find the pressure drop across the distributor plate. By subtract-
ing the empty reactor data from the total pressure drop data, the
pressure drop across the bed was calculated. On the resulting plot
the pressure drop across the bed appears to linearly increase with
increasing superficial velocity until it reaches a point at which the
pressure drop becomes constant. This point is defined as the mini-
mum fluidization velocity. For the materials and bed conditions of
this study, Umf=19.9 cm /s for glass beads and 18.7 cm/s for
ground walnut shell. For each material, flow conditions of 1.1Umf,
1.3Umf, and 1.5Umf were tested; for this study, the numerical
model will be validated with the inflow velocity of 1.3Umf.
2.3 X-Ray System. Iowa State University’s XFloViz facility
was used to image the fluidized bed and has been described in
detail in the literature 9. Consequently, only a brief outline will
be presented here. Two LORAD LPX200 portable X-ray tubes
provide the X-ray energy. Current and voltage can be adjusted
from 0.1 mA to 10.0 mA and from 10 kV to 200 kV, respectively,
with a maximum power of 900 W. Low energy radiation is sup-
pressed by 1 mm thick copper and aluminum filters. Located op-
posite each X-ray source is an X-ray detector/charged-coupled
device CCD camera pair. The CCD camera with image intensi-
fier has a temporal resolution ranging from 10 frames per second
fps to 60 fps, depending on binning options and is primarily
used for radiographic imaging. The image intensifier is a 40.6 cm
diameter Precise Optics PS164X screen detector with a 35.0 mm
output image diameter. A DVC-1412 monochrome digital camera
captures the image from the intensifier. Generally, 22 binning
640512 active pixels at 20 fps is used for radiographic movies
in order to maximize picture quality while maintaining adequate
temporal resolution. A second detector/camera pair is primarily
used for CT imaging because of its high spatial resolution. This
camera is located opposite the second source and is connected to
a square 4444 cm2 cesium-iodide scintillator screen, which
transforms radiation into visible light. A 50 mm Nikon lens cap-
(b)
Fig. 1 Schematic of the „a… experimental setup for a 9.5 cm ID
fluidized bed and „b… the 2D plane representing the simulated
bed chamber of the cylindrical reactor
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tures images, which are digitized by an Apogee Alta U9 system.
This system has 30722048 pixels and is thermoelectrically
cooled to allow long exposure times. Usually, an exposure time of
1 s with 44 binning is chosen to minimize acquisition time
while maintaining the signal strength. Both cameras and sources
are located on a 1.0 m ID rotation ring that can rotate 360 deg
around the fluidized bed. CT and radiographic data are acquired
using software developed by Iowa State University’s Center for
Nondestructive Evaluation CNDE and a personal computer with
4 GB of RAM. The software allows for control of both camera/
detector pairs, as well as motion control for the rotation ring.
Volumetric reconstruction of the CT images is performed using
CNDE’s 64-node LINUX cluster.
2.4 CT Images. In X-ray computed tomography with a coni-
cal X-ray beam, a series of two-dimensional 2D projections are
captured at various angles and reconstructed into a three-
dimensional 3D volumetric image. Since multiple images must
be acquired for one CT, the resulting 3D image is necessarily
time-averaged. This image is a map of CT intensity values, which
are proportional to X-ray attenuation, which, in turn, is propor-
tional to density. In this study, CT images of the glass bead fluid-
ized bed were taken at 135 kV 1.6 mA for every 1 deg around a
360 deg rotation. Ground walnut shell images were taken at 130
kV and 4.2 mA to improve contrast. For all tests, the exposure
time was 1 s at 44 binning per degree, and each test took
approximately 45 min. A total of 260 vertical slices were captured
for glass bead beds, and 300 vertical slices were captured for
ground walnut shell beds. The height was adjusted because the
bed height expansion of ground walnut shell was larger than for
glass beds; however, the difference in height did not affect the CT
data.
To minimize image acquisition noise, the CCD camera was
cooled to 0°C using the thermoelectric cooler. Two calibrations
were applied to the CT data to remove image artifacts 9. To
account for pixel nonuniformity, linear normalization was em-
ployed. This calibration employed a linear interpolation routine to
adjust pixels to respond identically to incident X-ray energy. The
second calibration was only applied to the glass bead CTs and
accounted for beam hardening. This artifact is often present in
high density materials and occurs due to the preferential attenua-
tion of polyenergetic X-rays. The result is that the center of an
object appears less dense than the surroundings. To correct for
beam hardening, an “effective ” calibration was applied to the
raw CT files before reconstruction. After calibration, the 2D pro-
jections were reconstructed into 3D images using the CNDE soft-
ware.
2.5 Gas Holdup. In order to quantify the CT data, time-
averaged local gas holdup void fraction was calculated for each
flow condition. The local gas holdup, g, can be determined by
knowing the local X-ray attenuation for the flow , the particle
p, and the gas g. Since the attenuation is proportional to the
CT intensity CTI, the local gas holdup can be calculated by
knowing CT intensity data for the flow, the particle CTIp, and
the gas CTIg. Therefore, the local gas holdup is defined as
g =
 − p
g − p
=
CTI − CTIp
CTIg − CTIp
1
It is difficult to determine the CT intensity for a single particle due
to its small size; however, the CT intensity for a static bulk bed
of particles CTIb can be used. From Eq. 1, the void fraction for
the bulk material can be calculated using local CT intensities for
the bed, where
g,b =
CTIb − CTIp
CTIg − CTIp
2
For a granular material, the void fraction of the bulk material
g,b is defined as
g,b = 1 −
b
p
= constant 3
The bed material bulk density b and particle density p can be
found experimentally and in property tables, respectively. Substi-
tuting CTIp from Eq. 2 into Eq. 1 and rearranging yields an
equation to find local gas holdup based on CTs for the flow con-
dition, the gas, and the bulk material
gi, j,k =
CTIi, j,k − CTIbi, j,k + CTIgi, j,k − CTIi, j,kg,b
CTIgi, j,k − CTIbi, j,k
4
and i, j, and k represent the locations of individual voxels in the
three-dimensional volume, where a voxel is a 3D pixel. For each
material in this study, CT data were acquired for a bed of static
bulk material, and the empty reactor air only at identical power
settings used to capture fluidization flow CT data. Using Eq. 4,
each flow file was converted to show local gas holdup, and a
smoothing method was employed to reduce noise. The resulting
time-averaged gas holdup values are determined on a 3D grid with
an approximate voxel size of 0.60.60.6 mm3. Estimated ab-
solute uncertainly in the local gas holdup is 0.04, which is a
worst-case estimate with most data falling within an absolute gas
holdup error of 0.02.
Three-dimensional images were viewed using an internally de-
veloped visualization software, which allowed viewing of the
volumetric images at any location within the imaging volume and
adjusted color mapping schemes. Since volume files contain in-
formation outside the cylindrical region of interest, a clipping fea-
ture was also used to isolate the fluidized bed. Once isolated, the
spatial range was modified to show the vertical y-z plane x-slice
and the vertical x-z plane y-slice through the column center, as
well as horizontal x-y planes z-slices at heights of 4 cm and 8 cm
from the distributor plate.
2.6 Radiographs. In radiography, a two-dimensional projec-
tion of the 3D attenuation is generated, which is related to the
density profile. Because of the high temporal resolution, multiple
radiographic images may be acquired and compiled into a video to
show dynamic features of an object. In this study, a 30 s movie at
20 fps, and 22 binning 640512 pixels was captured for
each flow and material condition. The radiographic images were
acquired at 82 kV 1.6 mA for the glass bead bed, and 82 kV
1.0 mA for the ground walnut shell bed. The use of the image
intensifier system resulted in a warping artifact in the resultant
images, which appears as a distortion in an image’s coordinate
system; some regions appear to be rotated and squeezed relative to
the horizontal and vertical axes 9. To overcome this artifact, a
second-order polynomial correction algorithm was applied to each
warped image. Unwarped images were subsequently compiled
and compressed into “.avi” movie files. Image unwarping and
movie generation were performed with a script written in MATLAB
to automate the process. Radiographic images in this paper are
selected still frames from the resulting movies.
3 Two-Fluid Model
3.1 Governing Equations. The FORTRAN code, MFIX, is used
for all simulations in this work. A multifluid Eulerian–Eulerian
model is employed in MFIX 17 and assumes that each phase
behaves as interpenetrating continua with its own physical prop-
erties. The instantaneous variables are averaged over a region that
is larger than the particle spacing but smaller than the flow do-
main. Volume fractions are introduced to track the fraction each
phase occupies in the averaging volume, where g is the gas phase
volume fraction also referred to as the void fraction and s is the
solid phase volume fraction for the mth solid phase. The volume
fractions must satisfy the relation
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g + 
m=1
M
sm = 1 5
For a mixture of particles, each distinct particle type to be mod-
eled is represented as a solid phase m for a total of M phases.
Each solid phase is described with an effective particle diameter
dp and characteristic material properties, and a conservation equa-
tion is solved for each solid phase. For this study, only one solid
phase is modeled, therefore M =1; the remaining discussion will
present equations accordingly.
The continuity equations for the gas phase and the solids
phases, respectively, are

t
gg +  · ggug = 0 6

t
ss +  · ssus = 0 7
The subscripts g and s indicate the gas and solid phases. Other
variables include the density  and velocity vector u. Note that
there is no mass transfer, and therefore the right-hand sides of the
equations are set to zero. It is further assumed that the gas density
can be modeled using the ideal gas law.
The momentum equations for the gas and solid phases have the
form

t
ggug +  · ggugug = − g  Pg +  ·  g + Ig + ggg
8

t
ssus +  · ssusus = − s  Pg +  ·  s − Ig + ssg 9
The expressions on the left side are the net rate of momentum
increase and the net rate of momentum transfer by convection.
The right side includes contributions for buoyancy caused by the
fluid pressure gradient, the stress tensors  , gravity g, and the
interaction forces I accounting for the momentum transfer be-
tween the gas and solid phases; this will be discussed in detail
later in this section. The constitutive equations for the gas phase
tensor can be found in Ref. 17.
The granular temperature  for the solid phase can be related to
the granular energy, defined as the specific kinetic energy of the
random fluctuating component of the particle velocity. The result-
ing transport equation for the granular temperature 18 is
3
2 t ss +  · ssus =  s:us −  · q − 	 + 
g
10
where q is the diffusive flux of granular energy, 	 is the rate of
granular energy dissipation due to inelastic collisions 19, and 
g
is the transfer of granular energy between the gas phase and solid
phase. Since the numerical simulations will model a cold-flow
fluidized bed, the energy equation will not be employed in MFIX
and therefore is not presented here.
3.2 Drag Models. The interaction force Ig in the momen-
tum Eqs. 8 and 9 accounts for the gas-solid momentum trans-
fer
Ig = Fgus − ug 11
which is the product of the coefficient for the interphase force
between the gas and solid phases Fg and the slip velocity be-
tween the two phases us−ug. The coefficient for the interphase
force is different for each drag model.
It should be noted that for cases where the particle diameter is
not perfectly spherical, the particle diameter used in the correla-
tions is modified. The sphericity is the particle property that indi-
cates how spherical a particle is, where a sphericity of unity sig-
nifies that the particle is a perfect sphere. Therefore, the modified
particle diameter is
dp = d¯p 12
where d¯p is the mean diameter and  is the estimated sphericity of
the actual particles. Two drag models are analyzed to determine
how well they predict biomass fluidization. The first model, the
adjusted Syamlal–O’Brien model, requires knowledge of Umf to
tune the drag coefficients, which can only be obtained from ex-
periments. The second model, the Gidaspow model, is based on
semi-empirical correlations. Both models are discussed next.
3.2.1 Adjusted Syamlal–O’Brien model. Syamlal et al. 17
derived a correlation for the coefficient for the interphase drag
force that converts the terminal velocity correlations to drag cor-
relations
Fg =
3sgg
4Vr
2dp
CDsReVr 	
us − ug
 13
where the single sphere drag function 20 has the form
CDsReVr 	 = 0.63 + 4.8Re/Vr	
2
14
The terminal velocity correlation Vr and the Reynolds number
Re of the particle are represented as follows
Vr = 0.5A − 0.06 Re + 0.06 Re2 + 0.12 Re2B − A + A2
15
Re =
dp
us − ug
g
g
16
The Syamlal–O’Brien drag model can be adjusted using experi-
mental parameters to match the minimum fluidization velocity
Umf 21. The functions A and B in Eq. 15 are
A = g
4.14 17
B = cg1.28 for g  0.85
g
d for g  0.85
 18
The coefficients c and d are part of the adjustments that can be
made to the model and must satisfy the relation
c0.851.28 = 0.85d 19
3.2.2 Gidaspow model with blending function. The Gidaspow
model 22 calculates the interphase drag force coefficient using
two correlations depending on the local void fraction value and
blending function. For void fractions less than 0.8, the Ergun
equation is used to calculate the interphase force coefficient, and
for void fractions greater than or equal to 0.8 the Wen–Yu equa-
tion is used. To avoid a discontinuity between the models, the
blending function gs introduced by 23 is
gs =
arctan150 1.750.2 − s

+ 0.5 20
The interphase drag force for the Gidaspow model has been
implemented into MFIX using the form 24
Fg = 1 − gsFgErgun + gsFgWen–Yu 21
where Fg for the dense phase uses the Ergun equation when g
0.8
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FgErgun = 150
s
2g
gdp
2 + 1.75
gs
dp

us − ug
 22
and Fg for the dilute phase uses the Wen–Yu equation when g
0.8
FgWen–Yu =
3
4
CD
ggs
dp

us − ug
g
−2.65 23
where
CD = 241 + 0.15g Re0.687/g Re for Re 10000.43 for Re 1000
24
using the same definition of Reynolds number shown in Eq. 16.
3.3 Numerical Methodology. To discretize the governing
equations in MFIX, a finite volume approach for a staggered grid
is used to reduce numerical instabilities 25. Velocities are stored
at the cell surfaces and scalars, such as void fraction and pressure,
are stored at the center of the cell. Discretization of time deriva-
tives are first-order, and discretization of spatial derivatives are
second-order. An important feature is the use of a higher-order
discretization scheme for the convective terms, known as the
Superbee method 26, which improves convergence and accuracy
of the solution. A modification of the semi-implicit method for
pressure-linked equations SIMPLE algorithm is used to solve
the governing equations 25. The first modification uses an equa-
tion for the solid volumes fraction that includes the effect of the
solids pressure to help facilitate convergence for both loosely and
densely packed regions. The second modification uses a variable
time-stepping scheme to improve convergence and execution
speeds.
3.4 Domain Specification. The cylindrical reactor for the
cold-flow experiments is modeled as a 2D plane representing the
centerplane of the cylinder with a 9.52 cm diameter and 40 cm
height, as shown in Fig. 1b. A Cartesian coordinate system is
used to capture the random bubble dynamics characteristic of flu-
idized beds, and Xie et al. 27 validated the accuracy of a 2D
approach. A uniform inlet velocity is specified at the bottom equal
to the superficial gas velocity, and atmospheric pressure is speci-
fied at the exit. The no-slip condition is used to model the gas-wall
interactions and a partial-slip condition 31 for the particle-wall
interactions.
The packed bed height for all cases is 10 cm. Two solid mate-
rials are simulated to predict the fluidization experiments and to
evaluate the current computational modeling efforts. Glass beads
will be used to initially validate the simulations with the experi-
ments because the properties of glass beads are well characterized.
Of particular concern is the coefficient of restitution e and sphe-
ricity  of the materials, especially for biomass. Glass beads
have a high value of e and ; however, biomass properties are not
always known. The material used to represent biomass is ground
walnut shell because i it tends to fluidize uniformly 10, ii it
falls within the Geldart type B classification, iii it has a density
similar to saw dust but is less heterogeneous, and iv it is readily
available Opta Minerals, Inc., Waterdown, ON, Canada. Table 1
summarizes the particle properties and flow conditions in this
study.
Table 1 Particle properties and flow conditions
Glass beads Walnut shells
d¯p cm 0.055 0.062
p g /cm3 2.60 1.30
b g /cm3 1.63 0.62
 0.9 0.5, 0.6, 0.7
e 0.95 0.75, 0.85, 0.95
Umf cm/s 19.9 18.7
g
 0.373 0.522
Ug cm/s 25.8 24.3
Table 2 Grid resolution cases
No. of cells
x
cm
z
cm
1940 0.50 1.00
3880 0.25 0.50
76160 0.13 0.25
1980 0.50 0.50
38160 0.25 0.25
76380 0.13 0.13
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Fig. 2 Time-averaged void fraction profiles of the glass bead
bed simulations comparing six grid resolutions at „a… z=4 cm
and „b… z=8 cm
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4 Cases and Results
4.1 Grid Resolution Study. A fluidized bed consisting of
glass beads as the bed material is used to validate the numerical
modeling and will also be used to determine appropriate grid res-
olution. Six grid resolution cases are used to discretize the flow
domain into rectangular cells with aspect ratios of 1:1 or 1:2, as
shown in Table 2. All numerical data are time-averaged from 5 s
to 40 s using equally spaced time intervals of 0.01 s with 3500
time realizations. Time-averaged void fraction profiles for all six
grid resolutions are shown in Fig. 2 for the bed heights of z=4 and
8 cm. Upon examining the profiles for increasing grid resolution,
there is no discernable trend, and all six profiles fall within similar
ranges for each bed height. The largest discrepancy in the profiles
is for the coarsest resolution of 1940, as seen in Fig. 2b.
Based on Richardson’s extrapolation, the largest relative error is
less than 1% for the coarsest grid. For the remainder of the grid
study discussion, results will be presented for the worst-case grid
resolution scenarios with a cell aspect ratio of 1:2.
The gas-solid distributions at approximately 10 s intervals are
shown in Fig. 3. Each subfigure shows two images: radiographs
from the experiments on the left and numerical simulations on the
right. The experimental images are obtained using X-ray radiog-
raphy. The comparisons between experiments and simulations are
not at the exact same time but rather in a time frame of 1 s. The
gray scale legend corresponds to the CFD predictions of void
fraction and is shown to compare with the X-ray images. The
X-ray images have been enhanced to more clearly show gas
bubbles but the X-ray projections do not represent void fraction.
The enhanced X-ray images show qualitative bubble locations in
the fluidized bed because they are actually projections of the en-
tire 3D volume; hence, the images do not show the three-
dimensionality of the flow nor the solid particles in front of or
behind the bubbles in the viewing direction and, thus, these results
are qualitative. It can be observed that small bubbles develop near
the bottom and coalesce forming larger bubbles toward the top of
the bed. The qualitative correspondence between the experiment
and simulation is very good.
Time-averaged void fraction g contours for the entire domain
for each grid size and two perpendicular planes of the CT scan
images are shown in Fig. 4. It is obvious that the coarse grid Fig.
4a predicts a nonhomogeneous flow with dense “pockets” of
glass beads near the top of the bed. The medium and fine grids
Figs. 4b and 4c predict a more even distribution of bubbles
throughout the bed. Comparisons of the average void fraction in-
dicate that the medium and fine grid predictions compare better
with the experiments Figs. 4d and 4e.
The void fraction profiles at two bed heights of z=4 and 8 cm
are shown in Fig. 5 comparing the simulations with the experi-
ments. The error bars in Fig. 5 represent an absolute gas holdup
error of 0.02, which is typical of most data. A single error bar is
provided for each set of experimental data in each figure to avoid
confusion, but the error magnitude should be applied to all experi-
mental data. The variations in the experimental data are attributed
to the nonuniform inlet conditions that result from the 100 discrete
air inlet holes. At the lower bed height, the void fraction distribu-
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Fig. 3 Instantaneous gas-solid distributions of the glass bead fluidized bed. For each pair
of images, the left side is the X-ray radiograph, and the right side is the void fraction
contour from the simulation using the medium grid size at „a… 10 s, „b… 20 s, „c… 30 s, and „d…
40 s. Note: the gray scale legends are only applicable to the simulations.
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Fig. 4 Time-averaged void fraction contours of the glass bead
fluidized bed comparing the simulations using grid resolutions
of „a… 19Ã40, „b… 38Ã80, and „c… 76Ã160 with the CT images
for an „d… X-slice and „e… Y-slice
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tion is similar for all three grid resolutions. It can be seen that
there are qualitative differences in the profiles for the coarse grid
as compared with the medium and fine grids at the higher bed
height. The lower two minima in the coarse grid profile corre-
spond to the presence of more bead material near the region where
the bed expands. Therefore, simulations are assumed independent
of the grid size at a resolution of 3880.
The time-averaged local void fractions shown in Fig. 5 mod-
estly compare between the simulations and 3D experiments, with
the results on the same order of magnitude. Similar discrepancies
have been shown by others 12,13,28,29. Two possible reasons
may cause this discrepancy. First, the orientation of the experi-
mental x- and y-slice locations, which are mutually perpendicular,
is arbitrary. The 3D volume could be rotated about the central axis
for slightly different x- and y-slice experimental data. Second, as
stated by Taghipour et al. 12, the hydrodynamics near the base
of the bed can be significantly affected by the distributor design,
which was not modeled in the CFD simulations because of the
computational expense each aeration hole would have to be re-
solved in the computational grid. The influence of the distributor
design on the bed hydrodynamics was also identified by Patel et
al. 30. We believe the distributor has a significant influence on
the time-averaged local void fraction, and this is not captured in
the simulations that use a uniform velocity profile inlet condition.
Clearly, the data shown closer to the distributor Fig. 5a show
much greater variations.
Although the time-averaged local void fraction across the bed
width accentuates the local hydrodynamic influences of the ex-
periments, averaging these values across a horizontal line damp-
ens local variations and provides a better comparison. For ex-
ample, the void fraction averaged across the bed width versus the
domain height for each grid size is compared with the experiments
in Fig. 6. Again, the error bars represent typical experimental error
in the measured data. The bed height expands to approximately
11.3 cm, which compares well with the expansion height of 11.2
cm measured in the experiments.
The similarity in instantaneous gas-solid distributions between
the experiments and simulations and quantitative comparisons of
void fraction distribution throughout the bed provide confidence
in the computational modeling. Based on the validation study of
the glass bead bed, it is concluded that a medium grid resolution
will be sufficient for use in the following studies.
4.2 Drag Model Study. The drag models of Syamlal–
O’Brien and Gidaspow with the blending function are compared
with experimental data for glass beads. Figure 7 represents the
pressure drop in the glass bead bed versus superficial gas velocity
for the simulations with the two drag models and the experiments.
Once the bed fluidizes at a superficial gas velocity of 25 cm/s,
both drag models have a pressure drop of 1550 Pa, which agrees
very well with the theoretical value and is reasonably close to
1470 Pa obtained in the experiments. It should be noted that the
Syamlal–O’Brien drag model predictions may not compare well
with the measured pressure drop for UgUmf because the models
were developed for drag forces in a state of fluidization.
Figure 8 compares the average void fraction in the fluidized bed
for both drag models with the results obtained from the CT im-
ages. The predictions using the different drag models Figs. 8a
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Fig. 5 Time-averaged void fraction profiles of the glass bead
fluidized bed comparing the simulations using different grid
resolutions with the experiments at „a… z=4 cm and „b… z
=8 cm
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Fig. 6 Time-averaged void fraction profiles of the glass bead
fluidized bed comparing the simulations using different grid
resolutions with the experiments for data spatially averaged
across the bed width versus axial direction
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and 8b are similar to the experiments Figs. 8c and 8d;
however, the Gidaspow model predicts a more uniform distribu-
tion across the bed. The void fraction at two bed heights of z=4
and 8 cm are shown in Fig. 9; in both cases, the average void
fraction is greater for the Gidaspow model. A comparison of the
simulations and experiments is also shown in Fig. 10, which rep-
resents the void fraction averaged across the bed width versus the
domain height. The average height of the expanded bed from the
experiment is 11.2 cm, while numerical simulations yield an av-
erage bed height of 11.1 cm and 11.3 cm for Syamlal–O’Brien and
Gidaspow drag models, respectively.
Of particular interest to this study is the use of a drag model
that does not completely require à priori information from experi-
ments, e.g., the minimum fluidization velocity. Biomass materials
are not well characterized and therefore make computational mod-
eling challenging. The quantitative comparisons just presented in-
dicate that the Gidaspow model is suitable for modeling fluidized
beds and will be used in the parametric study to determine the
coefficient of restitution and particle sphericity for biomass. The
advantage of the Gidaspow model is that it only requires basic
particle properties such as mean diameter and sphericity. How-
ever, irrespective of the drag model, the coefficient of restitution is
needed for the solid-solid interactions. Thus, Sec. 4.3 explores
properties such as sphericity and the coefficient of restitution on
biomass fluidization.
4.3 Biomass Modeling Validation. Ground walnut shell par-
ticles are used as a case study for a biomass fluidized bed. Particle
properties and flow conditions are found in Table 1. As a starting
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Fig. 7 Pressure drop versus superficial gas velocity through
the glass bead bed comparing the simulations using different
drag models with the experiments
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Fig. 8 Time-averaged void fraction contours of the glass bead
fluidized bed comparing the simulations using the „a… Syamlal–
O’Brien drag model and „b… the Gidaspow drag model with the
CT images for an „c… X-slice and „d… Y-slice
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Fig. 9 Time-averaged void fraction profiles of the glass bead
fluidized bed comparing the simulations using different drag
models with the experiments at „a… z=4 cm and „b… z=8 cm
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point, a qualitative comparison is made between the experiments
and simulations. The gas-solid distributions at approximately 10 s
intervals are shown in Fig. 11. Each subfigure shows images of
the radiographs on the left and numerical simulations using e
=0.85 and =0.6 on the right. The comparisons between experi-
ments and simulations are not at the exact same time but rather in
a time frame of 1 s. As with the glass bead bed, there is good
qualitative agreement with the formation and coalescence of
bubbles. The similarities in instantaneous gas-solid distributions
between the experiments and simulations provide initial confi-
dence with using the Gidaspow model to predict biomass
fluidization.
Pressure drop across the ground walnut shell bed was calcu-
lated for a superficial gas velocity of 1.3Umf=24.3 cm /s for a
combination of coefficients of restitution e=0.75, 0.85, and 0.95
and particle sphericity =0.5, 0.6, 0.7, and 0.8 using the Gi-
daspow drag model. Results from the computational simulations,
shown in Fig. 12, indicate that with a particle sphericity of 0.8,
irrespective of the coefficient of restitution, the pressure drop is
500 Pa, compared with 590 Pa for all of the other -e combina-
tions and the experimentally measured value of 570 Pa. The rea-
son that the simulations using a particle sphericity of 0.8 do not
compare well is because the bed has not fluidized. As presented in
Eq. 12, the sphericity reduces the mean particle diameter; thus,
sphericity values smaller than 0.8 represent smaller, more irregu-
lar particles that can easily fluidize.
The hydrodynamics of the bed are first analyzed to study the
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Fig. 10 Time-averaged void fraction profiles of the glass bead
fluidized bed comparing the simulations using different drag
models with the experiments for data spatially averaged across
the bed width versus axial direction
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Fig. 11 Instantaneous gas-solid distributions of the ground walnut shell fluidized bed. For
each pair of images, the left side is the X-ray radiograph and the right side is the void
fraction contour from the simulation using the Gidaspow drag model at „a… 10 s, „b… 20 s, „c…
30 s, and „d… 40 s. Note: the gray scale legends are only applicable to the simulations.
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Fig. 12 Pressure drop versus superficial gas velocity through
the ground walnut shell bed comparing the experiments with
the simulations using the Gidaspow drag model at Ug=1.3Umf
=24.3 cm/s
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effects of coefficient of restitution with sphericity fixed at 0.6. The
coefficient of restitution cannot be easily determined experimen-
tally for the irregular shaped ground walnut shell particles; one
way to find a value that best represents the actual coefficient is
through a parametric study. The results should provide how sen-
sitive the hydrodynamics are to the coefficient of restitution and
how it affects the overall performance of the fluidized bed. Time-
averaged void fraction contours from 5 s to 40 s for the numerical
simulations are shown in Figs. 13a–13c for different coeffi-
cients of restitution. No considerable differences are observed be-
tween these three results. The parametric study for coefficient of
restitution indicates that this variable does not have a significant
influence on the bed hydrodynamics for these flow conditions,
perhaps due to the lower superficial inlet gas velocity of 1.3Umf.
Another parameter tested is the biomass particle sphericity. The
coefficient of restitution is fixed at 0.85, and the superficial gas
velocity is 1.3Umf. Time-averaged void fraction contours from 5 s
to 40 s for the simulations, and two perpendicular planes of the
CT scan images are shown in Fig. 14. It can be seen that the
particles with sphericity of 0.5 and 0.6 tend to have noticeable
areas of higher concentration along the walls near z=8 and 6 cm,
respectively. The distribution of particles with sphericity of 0.7 is
mostly constant throughout the bed. As the sphericity increases,
the effective mean particle diameter increases, the particle distri-
bution is more uniform in the bed and the overall bed height
decreases. A comparison of the simulations with the experiments
is shown in Fig. 15, which presents the void fraction averaged
across the bed width versus the domain height. The sphericity
parametric study indicates that sphericity does change the bed
hydrodynamics and is a sensitive value in modeling biomass.
Based on the results shown in Fig. 15, the numerical simulations
compare well with the experiments when =0.6. The average
height of the expanded bed from the experiment is 11.3 cm, while
numerical simulations for particle sphericities of 0.5, 0.6, and 0.7
yielded an average bed height of 12.3 cm, 11.4 cm, and 10.3 cm,
respectively.
5 Conclusions
Glass beads were used to establish the validity of the multifluid
Eulerian–Eulerian model to numerically simulate and predict the
hydrodynamics of a fluidized bed. Glass beads were also used to
determine an adequate grid resolution and then to validate the
Syamlal–O’Brien and Gidaspow drag models. Numerical simula-
tions of the bubbling regime for an inflow gas velocity of 1.3Umf
were compared with CT and X-ray radiograph images for the
gas-solid distribution to demonstrate the qualitative agreement in
bubble formation and bed fluidization. The pressure drop, void
fraction, and mean bed height expansion were in quantitative
agreement between the experiments and simulations using both
drag models. It was encouraging that the Gidaspow model predic-
tions were in close agreement because the model does not require
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Fig. 13 Time-averaged void fraction contours of the ground
walnut shell fluidized bed comparing the simulations using „a…
e=0.75, „b… e=0.85, and „c… e=0.95
D (cm)
5 10
0
10
20
30
40
(a) ψ = 0.5
D (cm)
5 10
0
10
20
30
40
(b) ψ = 0.6
D (cm)
5 10
0
10
20
30
40
0.95
0.89
0.84
0.78
0.72
0.67
0.61
0.56
0.50
εg
(c) ψ = 0.7
Y (cm)
0 5 100
5
10
(d) X-slice
X (cm)
0 5 100
5
10
(e) Y-slice
Fig. 14 Time-averaged void fraction contours of the ground
walnut shell fluidized bed comparing the simulations using „a…
=0.5, „b… =0.6, and „c… =0.7 with the CT images for an „d…
X-slice and „e… Y-slice
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Fig. 15 Time-averaged void fraction profiles of the ground
walnut shell fluidized bed comparing the simulations using dif-
ferent particle sphericity with the experiments for data spatially
averaged across the bed width versus axial direction
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knowing the minimum fluidization as an input, which is an issue
when biomass is the bed material because, in practice, the mini-
mum fluidization velocity is not typically known.
Ground walnut shells were used to represent biomass because
the material fluidizes uniformly and is classified as a Geldart type
B particle. Simulations of ground walnut shells were analyzed to
determine parameters that cannot easily be measured experimen-
tally. Both coefficient of restitution and sphericity were varied to
determine the effects on the predictions. The coefficient of resti-
tution study showed no significant differences in the hydrodynam-
ics of the fluidized bed for values between 0.75 and 0.95. How-
ever, the particle sphericity study showed that sphericity does
affect the behavior of the fluidized bed. It was shown that with
decreasing sphericity, the bed more readily fluidized because the
effective mean particle diameter decreased. Thus, higher spheric-
ity values either underpredicted the bed expansion or the bed did
not fluidize, whereas lower sphericities overpredicted the bed ex-
pansion.
This research showed qualitative and quantitative comparisons
between numerical and experimental data. Although this study is
specific to the bed medium, it does demonstrate that biomass can
be modeled using the Gidaspow correlations. Furthermore, the
parametric study for ground walnut shell indicated that the mate-
rial can be characterized with a medium sphericity 0.6 and a
relatively large coefficient of restitution 0.85.
Nomenclature
CD  drag coefficient
CTI  intensity of the CT scan image
d  diameter
d¯  mean diameter
e  coefficient of restitution
F  coefficient of the interphase momentum
transfer
g  gravitational acceleration
I  interphase momentum transfer
P  pressure
q  diffusive flux of granular energy
Re  Reynolds number
t  time
u  velocity vector
U  fluidization velocity
Vr  terminal velocity correlation
Greek Letters
  volume fraction

  transfer of granular energy
  blending function
	  rate of granular energy dissipation due to in-
elastic collisions
  local X-ray attenuation
  dynamic viscosity
  granular temperature
  density of gas or solid
  viscous stress tensor
  particle sphericity
Superscripts/Subscripts
b  bulk
g  gas phase
mf  minimum fluidization
p  particle
s  solid phase
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